1969), and Tsubota and Hoshino (1969) showed that protozoal fraction has higher aminotransferase activity than that of bacterial fraction. In this regard, the production of Trp and other related compounds from IPA by mixed ruminal bacteria (B), protozoa (P), and their mixture (BP) in vitro has been reported by Okuuchi et al. (1993) , but the results were concerned only with supernatant fluid of the culture media, and they did not analyze Trp in the hydrolyzates of microbial cells. They used the HPLC method for analysis, which could separate only Trp, IAA, indole (IND), and skatole (SKT).
To examine the Trp metabolism by rumen microorganisms in more detail, we developed an HPLC method that could simultaneously separate 11 compounds-Trp, indolelactic acid (ILA), tryptophol (TPP), tryptamine (TPM), indole-3-acetaldehyde (ICA), IAA, indole-3-aldehyde (ILD), SKT, IND, p-hydroxyphenylacetic acid (HPA), and trans-cinnamic acid (CNM) (Mohammed et al., 1998a) . But during the experiment, it was found that the HPLC methods reported by Okuuchi et al. (1992) and Mohammed et al. (1998a) did not separate Trp from an unknown peak (X1), naturally produced from IPA after being dissolved in 25% ethanol, and even after incubation with MB9 buffer solution, which was used for protozoal incubation. Therefore the values determined as synthesized Trp from IPA by Okuuchi et al. (1993) with the HPLC method are regarded as a mixture of Trp and X1. Thus we have examined and established a new method to separate Trp and X1 to determine only Trp (Mohammed et al., 1998b) .
In the present study, in vitro experiments were quantitatively carried out to examine the total Trp biosynthesis and production of other related compounds from IPA by B, P, and BP suspensions, analyzing both supernatants and hydrolyzates by convenient analytical methods by HPLC (Mohammed et al., 1998a, b) .
Materials and Methods
Animals and their management. Three mature rumen fistulated goats (Japanese native breed) with a mean live weight of 35Ϯ5 kg, fed on a daily ration consisting of lucerne (Medicago sativa) cubes (23 g DM/kg BW 0.75 ), and a concentrated mixture (8 kg DM/kg BW 0.75 ) in two equal portions given at 9 a.m. and 5 p.m. were used. The goats were housed in individual pens under nearly constant environmental conditions. They had free access to fresh water.
Preparation of rumen microbial suspensions. Rumen contents were obtained from the fistulated goats before morning feeding and were strained through four layers of surgical gauze into a separating funnel that was gassed with a mixture of 95% N 2 and 5% CO 2 through heated (250°C) copper furnace to remove any O 2 . The contents were incubated at 39°C for about 60 min to allow feed debris to float. The suspensions of mixed bacteria (B), mixed protozoa (P), and B plus P (BP) were prepared according to Onodera et al. (1992) . The P suspensions always included 0.1 mg/ml each of chloramphenicol, streptomycin sulfate, and penicillin G potassium to suppress the biochemical activities of the contaminating bacteria. Microbial suspensions (50 ml) were anaerobically incubated with and without 1 mM of IPA (Sigma, St. Louis, Mo., U.S.A.) as substrate in 100 ml Erlenmeyer flasks at 39°C for 12 h. All incubations contained 0.5 mg/ml of rice starch. Samples (1 ml) were collected at 0-, 6-, and 12-h intervals, mixed with an equal volume of 4% (w/v) sulfosalicylic acid for deproteinization and centrifuged at 27,000ϫg for 20 min at 4°C. The supernatant fluids were filtered (0.45 mm pore size) and stored at 4°C. Pellets (mostly microorganisms) were hydrolyzed with 4 M LiOH at 110°C for 20 h (Lucas and Sotelo, 1980) .
To determine the protozoal numbers, 0.5 ml portions of the microbial suspensions were collected, mixed with 4.5 ml of methylgreen-formalin-salt (MFS) solution (Onodera et al., 1977) , and kept at room temperature. Rumen protozoa were counted with the aid of a Fuchs-Rosenthal hemocytometer. Microbial nitrogen was determined by using the Kjeldahl method (A.O.A.C., 1990).
Analytical methods. LiChrospher 100 RP-18 column and sodium acetate buffer (50 mM) (pH 4.2) were used as a mobile phase for HPLC analysis. The compounds were monitored at 280 nm with a UV absorbance detector. The HPLC method (Mohammed et al., 1998a) (methanol-acetate buffer ratio, 30 : 70, v/v) was used to analyze Trp in the hydrolyzates and its related compounds in the supernatants produced from IPA by B, P, and BP suspensions during a 12-h incubation. This method could also separate p-cresol (CRL), indoleacetamide (IAM), and indolepropionic acid (IPR) simultaneously with other compounds that were described in the paper (Mohammed et al., 1998a) . On the other hand, the HPLC method (Mohammed et al., 1998b) (methanol-acetate buffer ratio, 20 : 80, v/v) was used only for the analysis of Trp in the supernatants produced from IPA by B, P, and BP suspensions during a 12-h incubation period. Because an unidentified peak (X1) was produced from IPA (Mohammed et al., 1998b) after being dissolved in 25% ethanol, and even after incubation with MB9 buffer, which was used for protozoal incubation. The X1 peak did not separate from Trp when analyzed by the HPLC method (Mohammed et al., 1998a) . The values of all the compounds found in the supernatants and hy-drolyzates were expressed as the means of nine determinations and standard deviations of the differences between incubation with and without substrates.
Results and Discussion

Production of Trp from IPA
Trp produced from IPA by B, P, and BP suspensions during a 12-h incubation were shown in Table 1 . In the B suspension, large amounts of Trp were produced from IPA in the supernatants after 6-and 12-h incubations (Table 1) . A small portion of Trp produced from IPA was incorporated into bacterial protein in 6-and 12-h incubations (Table 1) , different from the results concerning Trp production from IND and serine (N. Mohammed et al., 1999) and Phe production from phenylpyruvate (PPY) and PAA reported by Amin and Onodera (1997) . In total, 23.3 and 33.4% of IPA were converted to Trp after 6-and 12-h incubations, respectively.
In the P suspension, the free Trp concentration in the medium of protozoa increased, but the Trp in protozoal hydrolyzate decreased during a 12-h incubation (Table 1) . Because of the lack of nutrient, protozoa could not grow in the MB9 buffer solution, and they also liberated endogenous amino acids in the medium (Morgavi et al., 1993; Onodera and Kandatsu, 1970) . As a result, the protozoal number gradually decreased as the incubation time was increased under the present experimental conditions, but the biochemical reaction in the protozoal cells continued. Therefore the total amount of free endogenous Trp released by protozoa in the absence of IPA was subtracted from those of the free Trp released in the medium by protozoal metabolism in the presence of IPA, and thus the net increase of Trp was calculated. Large amounts of Trp were produced from IPA by P in the supernatants of the medium after 6-and 12-h incubation periods ( Table 1) . As a whole, 28.4 and 44.0% of IPA were converted to Trp in P after 6-and 12-h incubations, respectively.
The rumen microbial ecosystem mainly consists of bacteria and protozoa. In this experiment, BP suspension was also employed for incubation to speculate the real activities of the rumen microbial ecosystem and to investigate the interactions between bacteria and protozoa, if any. In the BP suspension, large amounts of Trp were also produced from IPA in the supernatants, whereas small amounts were found in the hydrolyzates after 6-and 12-h incubation periods (Table 1) . Thus as a whole, 39.9 and 43.6% of IPA were converted to Trp after 6-and 12-h incubations, respectively. Trp content in the hydrolyzates of BP were shown to be almost half in comparison with the values incorporated by only B after 6-and 12-h incubations. This may be due to the protozoal predation of the bacteria.
Average microbial nitrogen measurements (mg N/ml) in B, P, and BP suspensions were 0.9702Ϯ 0.081, 0.984Ϯ0.105, and 1.6237Ϯ0.123, respectively. Protozoal compositions (ϫ10 4 /ml) in BP and P were 88.4 and 155.3, 7.4 and 9.8, and 1.4 and 2.1 for Entodiniinae, Diplodiniinae, and Dasytricha, respectively. When the total synthesis of Trp from IPA was expressed as "per g of microbial nitrogen (MN)," the net productions of Trp from IPA were 240.3 and 344.3, 288.9 and 447.7, and 245.6 and 268.7 mmol/g of MN by B, P, and BP suspensions after 6-and 12-h incubations, respectively. The ability of P to produce Trp from IPA were 1.2-and 1.3-fold more than that of B after 6-and 12-h incubations, respectively. In this connection, Tsubota and Hoshino (1969) reported that protozoal fraction has higher aminotransferase activity than bacterial fraction, which supported the results mentioned above. It is generally thought that the value of Trp synthesized by BP suspension should be between the value of the B and P suspensions. However, the fact ϮStandard deviation of nine determinations.
is that the value of BP was lowest. This may be due to interactions between the microorganisms. It is known that protozoa usually engulf bacteria in the rumen ecosystem. The continuous engulfment of bacteria by protozoa can lower the number of bacteria and decrease the total bacterial activity to synthesize Trp from IPA. In this connection, Amin and Onodera (1997) also reported the same effect during the production of Phe from PPY and PAA by B, P, and BP suspensions.
Production of IAA from IPA
The production of IAA from IPA by B, P, and BP suspensions during a 12-h incubation was shown in Table 1 . IAA was the major related compound found in B, and in total, 9.8 and 12.4% of IPA were converted to IAA after 6-and 12-h incubations, respectively. IAA was also a major product found in P. About 1.7 and 2.5% of IPA were converted to IAA in P during 6-and 12-h incubations, respectively. In the BP suspension, 6.2 and 9.9% of IPA were converted to IAA after 6-and 12-h incubations, respectively.
The amount of IAA (expressed as per g of MN) produced from IPA in B, P, and BP were 101.0 and 127.8, 17.3 and 25.4, and 38.2 and 61.0 mmol/g of MN after 6-and 12-h incubations, respectively. The ability of B to produce IAA from IPA were 5.8-and 5.0-fold more than that of P after 6-and 12-h incubations, respectively. The lower production of IAA from IPA by BP suspension were possibly due to the predation of bacteria by protozoa, the results of which decreased the total bacterial activity to produce IAA from IPA. In this connection, IAA production from Trp by mixed rumen microorganisms (Okuuchi et al., 1993; Scott et al., 1963; Yokoyama and Carlson, 1974) , mixed rumen bacteria, and mixed rumen protozoa (Okuuchi et al., 1993) and intestinal bacteria (Yokoyama and Carlson, 1979) has already been reported.
Production of ILA from IPA
The production of ILA from IPA by B, P, and BP suspensions during a 12-h incubation were shown in Table 1 . About 5.3 and 8.4% of IPA were converted to ILA in B after 6-and 12-h incubations, respectively. This is the first report to demonstrate that rumen bacteria can produce ILA from IPA. In this connection, the formation of phenyllactic acid from PPY in B suspension was reported by Amin and Onodera (1997) . In the P suspension, small amounts of ILA (1.6 and 2.4% of IPA in 6-and 12-h incubations, respectively) were also produced from IPA. In the BP suspension, about 3.6 and 5.4% of IPA were converted to ILA after 6-and 12-h incubations, respectively. The amounts of ILA (expressed as per g of MN) produced from IPA were 54. 6 and 86.6, 16.3 and 24.4, and 22.2 and 33.3 mmol/g of MN after 6-and 12-h incubations, respectively. The decrease of ILA production from IPA by BP suspension may be due to the predation of bacteria by protozoa as mentioned above.
Production of SKT from IPA
The production of SKT from IPA by B, P, and BP suspensions during a 12-h incubation were shown in Table 1 . In the B suspension, about 2.6% of IPA was converted to SKT in 12 h. P suspension has no ability to produce SKT from IPA. In the BP suspension, 2.3 and 3.8% of IPA were converted to SKT after 6-and 12-h incubations, respectively. In this connection, SKT production from Trp by mixed rumen microorganisms (Okuuchi et al., 1993; Onodera et al., 1992; Carlson, 1974, 1979) , rumen bacteria (Lactobacillus sp.) (Yokoyama et al., 1977) , mixed rumen bacteria (Okuuchi et al., 1993; Onodera et al., 1992) has already been demonstrated.
On the other hand, BP suspension was remarkably active to produce SKT from IPA as compared with B. Okuuchi et al. (1993) also found that SKT concentration in BP suspension was much higher than that of B during studies of the metabolism of Trp and that P suspension has no ability to produce SKT from Trp, which supports the present results mentioned above. They also explained about why SKT was higher in BP, that IPA, a Trp metabolite, may inhibit the production of SKT from Trp in B. In BP, however, IPA is rapidly consumed by protozoa to produce Trp (as shown in Table 1 ); thus the concentration of IPA may be usually low in BP.
Production of CRL from IPA
About 2.4 and 4.3% and 3.3 and 6.5% of IPA were converted to CRL in B and BP after 6-and 12-h incubations, respectively (Table 1) . P suspension has no ability to produce CRL from IPA. The CRL produced from IPA by B and BP suspensions was also found during Trp metabolism by rumen microorganisms (N. Mohammed, unpubl.) . This is also the first report to demonstrate that rumen bacteria can produce CRL from IPA. In this connection, Yokoyama and Carlson (1979) reported that CRL was produced from tyrosine (Tyr) via HPA with the SKT producing Lactobacillus sp., and a small amount of Trp was produced from HPA (Kristensen, 1974) by rumen microorganisms. So there may be a complex relationship between Tyr and Trp metabolism.
